
Lyu et al. Microsystems & Nanoengineering            (2023) 9:99 Microsystems & Nanoengineering
https://doi.org/10.1038/s41378-023-00571-7 www.nature.com/micronano

ART ICLE Open Ac ce s s

Bone-inspired (GNEC/HAPAAm) hydrogel with
fatigue-resistance for use in underwater robots and
highly piezoresistive sensors
Chaoyang Lyu1, Bo Wen1, Yangzhen Bai1, Daning Luo1, Xin Wang2, Qingfeng Zhang2, Chenyang Xing3,
Tiantian Kong4, Dongfeng Diao1 and Xi Zhang1✉

Abstract
A novel bone-inspired fatigue-resistant hydrogel with excellent mechanical and piezoresistive properties was
developed, and it exhibited great potential as a load and strain sensor for underwater robotics and daily monitoring.
The hydrogel was created by using the high edge density and aspect ratio of graphene nanosheet-embedded carbon
(GNEC) nanomaterials to form a three-dimensional conductive network and prevent the expansion of microcracks in
the hydrogel system. Multiscale progressive enhancement of the organic hydrogels (micrometer scale) was realized
with inorganic graphene nanosheets (nanometer scale). The graphene nanocrystals inside the GNEC film exhibited
good electron transport properties, and the increased distances between the graphene nanocrystals inside the GNEC
film caused by external forces increased the resistance, so the hydrogel was highly sensitive and suitable for
connection to a loop for sensing applications. The hydrogels obtained in this work exhibited excellent mechanical
properties, such as tensile properties (strain up to 1685%) and strengths (stresses up to 171 kPa), that make them
suitable for use as elastic retraction devices in robotics and provide high sensitivities (150 ms) for daily human
monitoring.

Introduction
In many popular engineering applications, such as

underwater robotic elastic retraction devices and flexible
wearable sensing parts, flexible materials are needed.
Hydrogels have three-dimensional reticular cross-linked
structures and are ideal choices for this purpose. In recent
years, hydrogels have undergone rapid development and
have been applied in various fields, such as flexible
wearable sensors1–7, cartilage tissues8,9, and agricultural
fertilization10. However, their low tensile strengths and
poor elongations at break limit their use in engineering11.

As reported, hydrogels typically have low tensile strengths
due to the limitations of the polymer’s mechanical prop-
erties, which makes them unsuitable for strength-bearing
uses. However, researchers have proposed several strategies
to improve the strain capacities of hydrogels. For example,
hydrogels composed of interpenetrating sodium carbox-
ymethylcellulose microsheets and a polyacrylamide network
showed fracture tensile strengths of up to 23 kPa and strains
of up to 1400%12. Gelatin-based dual-network hydrogels
with multiple dynamic cross-linking exhibited 25 kPa frac-
ture tensile strengths and 1200% strains13. Hydrogels
composed of lignin-based carbon, polyvinyl alcohol, car-
boxymethyl chitosan and cellulose nanofibers reached a
tensile strength of 133 kPa but only reached a strain of
320%14. Currently, the addition of carbon or carbon-based
materials to enhance the mechanical properties of hydrogels
is also a popular strategy. Hydrogels containing CNTs15–20

have tensile strengths ranging from 6 to 160 kPa and tensile
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strains ranging from 200 to 600%. Among them, the
hydrogel with the highest tensile strength, 160 kPa, had a
tensile strain of less than 300%18. The hydrogel with the
highest tensile strain, 600%, exhibited a tensile strength of
less than 30 kPa19. Hydrogels containing graphene21–26,
most of which have tensile strengths in the range
30–100 kPa and tensile strains in the range 250–1300%.
Among them, the hydrogel with the highest tensile strength,
100 kPa, had a tensile strain of less than 250%21. The
highest tensile strain of a hydrogel was 1300%, but its tensile
strength was less than 70 kPa24. Hydrogels containing
MXenes27–31 have tensile strengths of 12 kPa to 100 kPa
and tensile strains of 700–900%. Among them, the highest
tensile strength was 100 kPa, but the tensile strain of that
hydrogel was less than 800%29. The highest tensile strain for
a hydrogel was 900%, but its tensile strength was less than
40 kPa30. When attempting to improve the tensile strengths
of hydrogels, their strain capacities are often sacrificed.
Therefore, it is necessary to find a method to increase both
the tensile strengths and the tensile strains of hydrogels.
Ordinary hydrogels are typically electrical insulators.

However, different methods have been used to improve the
electrical conductivities of hydrogels, such as in ionic liquid
segmental hydrogels consisting of acrylic acid32,33 or
micrometer-sized silver flakes34. The electrical properties of
hydrogels are commonly enhanced by adding carbon
materials or carbon-based materials. Hydrogels1,29,35–39

containing CNTs, graphene or MXenes have exhibited
good electrical properties, and most of them have a
response range of 200ms to 600ms. Balancing the
mechanical and electrical properties of hydrogels is chal-
lenging. Recently, graphene nanosheet-embedded carbon
(GNEC) films were proposed to have vertically grown gra-
phene nanosheets40 and high-density edges and the unique
ability to trap electrons. This three-dimensional conductive
network with hybrid properties between those of organic
and inorganic materials may be responsible for the
enhanced electrical and mechanical properties of the
GNEC-filled hydrogels. To ensure good mechanical prop-
erties while improving electrical conductivity, the addition
of inorganic carbon nanomaterials is a good choice.
By taking inspiration from nature, we designed a

stretchable, fatigue-resistant, conductive, and highly sen-
sitive composite hydrogel by integrating a graphene
nanosheet-embedded carbon (GNEC) film into a hydro-
phobic associative polyacrylamide hydrogel (HAPAAm).
During the polymerization process in water, a porous
bone-like structure was formed, which greatly improved
the conductive network and enhanced the tensile strength
of the hydrogel. Sodium dodecyl sulfate (SDS) was used to
ensure uniform dispersion of the GNEC film in the
hydrogel network and provide sites for cross-linking
between the poly(lauryl methacrylate) chain segments.
The introduction of PLMA chain segments further

improved the interfacial interactions between the GNEC
film and the hydrogel matrix. The GNEC film enhanced
the mechanical properties of the hydrogel while improv-
ing its electrical conductivity. This composite hydrogel
containing the GNEC film is expected to have excellent
mechanical properties and good electrical conductivity
and can be used as an elastic retraction device and sensor.
Our results showed that the prepared GNEC/HAPAAm
hydrogel exhibited excellent tensile and fatigue resistance
as well as electrical conductivity and sensitivity.

Experimental section
Preparation of the GNEC film
The graphene nanosheet-embedded carbon (GNEC) film

we used was prepared with an electron cyclotron resonance
(ECR) sputtering system. In detail, the SiO2 substrate was
degreased with acetone, cleaned with anhydrous ethanol,
and placed in the vacuum chamber of the electron cyclo-
tron resonance (ECR) sputtering system. The vacuum cavity
was maintained at a pressure of 3 × 10−4 Pa, and argon gas
was introduced to maintain the atmospheric pressure at
0.04 Pa. The substrate surface was cleaned with an Ar
plasma for three minutes prior to depositing the GNEC
film. After cleaning, the GNEC film was deposited with a
substrate bias voltage of 80 V. Microwave power was
delivered into the vacuum chamber to generate a plasma,
and a magnetic field was applied to enhance the plasma
density. In a high vacuum argon ion (Ar+) plasma atmo-
sphere, the carbon atoms of the carbon target were bom-
barded by the plasma ions. Meanwhile, the positive
deposition bias (Vdep= 80 V) attracted electrons to the
substrate. After acceleration, the active electrons provided
the formation energy for sp²bonds in the carbon nanos-
tructure. High-density graphene nanocrystals grew verti-
cally on the SiO2 substrate. After deposition, the substrate
was removed from the vacuum chamber. The GNEC film
was mechanically peeled off from the SiO2 substrate, and
shattered into a powder (with particle sizes of 10 μm) by a
high-frequency vibration device.

Preparation of the GNEC/HAPAAm hydrogel
First, 129.8 mg of the GNEC film powder (wt%= 2.0%),

150mg of SDS and 150 μl of LMA were added to 30ml of
deionized water and stirred rapidly at room temperature.
After 1 h, the mixed solution was irradiated with ultra-
sonic waves for 30min. Then, 6.36 g of AAm was added to
the solution and stirred for another 20min. After stirring,
20.4 mg of APS and 60 μl of TEMED were added to the
solution and stirred for another 10min. Finally, the
resulting solution was transferred to a pre-prepared mold.
The polymerization reaction occurred within 10min and
provided the GNEC/HAPAAm hydrogel. Among the
reagents used, the GNEC film powder content can be
adjusted according to the actual demand, and the GNEC
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film powder contents (wt%) used in this work were 0,
0.5%, 1.0%, 1.5%, and 2.0%. The GNEC film powder
content used in preparing the hydrogel was calculated as
wt% ¼ mC

mCþmA
, where mC is the mass of the carbon film

and mA is the mass of AAm (acrylamide).

Materials
The GNEC film was from the Institute of Nanosur-

face Science and Engineering (Shenzhen, China).
Acrylamide (AAm, 99%), ammonium persulfate (APS,
98%), and tetramethylethylenediamine (TEMED, 99%)
were purchased from Aladdin (Shanghai, China).
Sodium dodecyl sulfate (SDS, 99%) and lauryl metha-
crylate (LMA, 96%) were purchased from Rohn
(Shanghai, China). Deionized water was prepared prior
to the experiments.

SEM
The internal microstructures of the GNEC/HAPAAm

hydrogels were observed by scanning electron microscopy
(FEI Scios). Before observation, the hydrogel samples were
broken in liquid nitrogen, freeze-dried, and finally
observed by SEM.

TEM
The nanostructures of the GNEC films were observed

by transmission electron microscopy (FEI Titan Cubed
Themis G2 300).

Raman
The Raman spectra were obtained with a Horiba HR800

Evolution system with an excitation laser wavelength of
532 nm.

FIB
A cross-section sample of the 80 V GNEC film on the

substrate was prepared by focused ion beam (FIB)
etching. The protective layer was a layer of platinum
with a thickness of 2 μm, which was deposited on the
surface of the sample with an auxiliary gas injection
system associated with the FIB-SEM system prior to
the FIB etching process. The lateral thickness of the
cross-section sample was etched to less than 100 nm.
We prepared a cross-section sample with a thickness of
~30 nm, which was more conducive to our observation
of the vertical growth structure of the GNs by TEM.
The transmission electron microscopy (TEM) image of
the cross-section sample indicated that the GNs grew
vertically on the silicon substrate with vertical thick-
nesses of ~70 nm.

Mechanical properties
The mechanical properties, such as the stress-strain

curves of the hydrogels with different GNEC film

contents, were determined with a high-precision digital
tensimeter (Shen Ce SC).

Electrical properties
The electrical properties, such as the I–V curves of the

hydrogels, were measured with a digital sourcemeter
(Keithley 2400).

Results and discussion
Hydrogels are used as elastic retraction devices in some

mechanical devices, which require good mechanical
properties. To improve the mechanical properties of the
hydrophobic associative polyacrylamide (HAPAAm)
hydrogel, we integrated graphene nanosheet-embedded
carbon (GNEC) into the hydrogel system. As shown in
Fig. 1a, preparation of the bone-like GNEC/HAPAAm
hydrogel was divided into four stages. First, we prepared a
GNEC film with an ECR sputtering system and a substrate
bias of 80 V41,42. With the assistance of low-energy elec-
trons, graphene nanosheets are grown vertically on the
SiO2 substrate

43, as shown in the TEM image of the cross-
section sample (made with a focused ion beam (FIB)).
Second, we mechanically peeled the GENC film off the
substrate and shattered the GNEC film into a powder
(with particles sizes of 10 μm) with a high-frequency
vibration device. Third, we mixed the GNEC powder into
the hydrogel solution to prepare the GNEC/HAPAAm
hydrogel. This step was further divided into four sub-
stages, as shown in Fig. 1b. In this process, SDS was used
as a dispersant to disperse the GNEC film, while LMA was
added to form a functional cross-linker. (i) SDS was
absorbed on the surface of the GNEC film via hydro-
phobic interactions and exposed the hydrophilic sulfate
fraction. In addition, some of the hydrophobic monomers,
LMA, were absorbed on the GNEC film surface and
partially dissolved inside the SDS, all of which acted as
cross-linking agents through hydrophobic association35.
(ii) SDS facilitated uniform dispersion of the GNEC film
throughout the hydrogel system. (iii) AAm monomers
were added to the solution. (iv) After adding the AAm,
APS and TEMED initiators were used to copolymerize
AAm with the other substances to form hydrogel bodies.
This porous network structure filled with inorganic
materials had strain characteristics similar to those of
bones and improved the tensile strength of the hydrogel.
Finally, we fabricated an elastic retraction device on an
underwater robot.
Scanning electron microscopy images (SEM, Fig. 2a, b)

revealed the microstructure of the GNEC/HAPAAm
hydrogel, and the internal bone-like pore structure of
the hydrogel was observed. The transmission electron
microscopy images (TEM, Fig. 2c) showed the nanoscale
structure of the GNEC film, which was fabricated with
an electron cyclotron resonance sputtering system after
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depositing the GNEC film on a hard substrate, peeling,
and grinding. During the electron cyclotron resonance
sputtering process, the low-energy electrons exchanged
energy with the valence electrons of the carbon atoms
through inelastic scattering, resulting in a change in the
C hybridization from sp3 to sp2 44. This increased
electron energy loss was essential in breaking the C–C
bonds and generating sp2 hybridization. Many graphene
nanocrystals embedded in the amorphous carbon grew
perpendicular to the substrate with the assistance of
low-energy electrons. By varying the electron irradiation
energy during electron cyclotron resonance sputtering,
we adjusted the nanostructure of the GNEC film. The
embedded graphene nanocrystals provided a high-
density edge to the GNEC film, and the significant
improvement seen in the mechanical properties of the
GNEC/HAPAAm hydrogel was also attributed to the
high-density graphene edge of the GNEC film. As shown

in Fig. 2d, Raman spectra of the GNEC film were used to
characterize the structural defects and edges, the num-
ber of graphene layers, and the stacking pattern of the
graphene layers. The ratio of the D-peak to G-peak
reflected the edge structure of the GNEC film, and the
2D-peak reflected the crystallinity of the GNEC film and
indicated the presence of graphene layers with amor-
phous structures, low crystallinities, and high-density
edge structures. To confirm the presence of sp2 hybri-
dization, we determined the electron energy loss spec-
trum of the GNEC film, as shown in Fig. 2e. In the high-
energy part of the EELS spectrum, the π* peak appeared
near 286 eV, which indicated the presence of sp2 bonds.
In addition, the δ* peak appeared near 295 eV, which
indicated the presence of a crystalline structure45.
Figure 3a shows the state of the GNEC/HAPAAm

hydrogel when it was twisted, folded, and curled, and it
exhibited good elasticity and flexibility. The macroscopic
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mechanical properties of the GNEC/HAPAAm hydrogels
were measured with a tensile table. As shown in Fig. 3b,
the tensile experiments were conducted on hydrogels with
different GNEC film contents, where 0 wt% indicates the
HAPAAm hydrogel. The analysis of the resulting stress-
strain curves showed that the mechanical properties of
this hydrogel were significantly enhanced with increasing
GNEC film content, and the stress limit rose from 1.4 to
6.5 kPa and the strain degree increased from 95 to 1685%.

This was attributed to the high density of the GNEC film
edge. As shown in Fig. 3c, the stress limit (for a GNEC
film content= 2.0 wt%) increased ~30 times with
decreases in the water content (compared with Fig. 3b)
and reached 171 kPa at 40% water content, when the
hydrogel could bear a 500 g weight. Figure 3d shows that
the water content of this hydrogel increased with
increasing GNEC film content. The mechanism for the
increases in water content is illustrated in Fig. 3e, which
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shows that the three-dimensional pore structure within
the hydrogel system became larger due to the presence of
the GNEC film, thus enabling it to retain more water. The
water content of the hydrogel was calculated from the
difference between the masses of the hydrogel in the
equilibrium swollen state and the fully dried state with the
formula water content ¼ mw�md

mw
, where mw is the mass of

the hydrogel in the equilibrium swollen state and md is
the mass of the hydrogel in the fully dried state. As shown
in Fig. 3f, precracking of the GNEC/HAPAAm hydrogel
was modeled with extended finite element simulation
based on the parameters for a GNEC film content of

2.0 wt%. The images revealed the real-time force dis-
tribution of the hydrogel with precutting during the
stretching process, and it was observed that when the cut
was made under an applied force, there was a force that
prevented bracket growth, which came from the GNEC
film. It was also verified that the GNEC/HAPAAm
hydrogel had an energy dissipation mechanism. As shown
in Fig. 3g, when the hydrogel system was subjected to an
external tensile force and microcracks were generated, the
GNEC film effectively prevented crack extension, while
the hydrogel system without the GNEC film was easily
stretched to fracture.
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It was observed that the strength of the GNEC/HAP-
AAm hydrogel was ~30 times stronger with a water
content of ~40% than it was when freshly fabricated (with
a water content of ~85%), so this hydrogel has potential as
an elastic retraction device for underwater robots and
other applications. As shown in Fig. 4a, we designed and
fabricated an underwater robot that used an electric
actuator to expand the feet. The GNEC/HAPAAm
hydrogel retracted elastically and pushed the surrounding
water to generate thrust, which allowed the robot to swim

underwater and carry a 100 g weight, as shown in Fig. 4b,
c. Furthermore, the GNEC/HAPAAm hydrogel was sub-
jected to 100 tensile tests with a 50% strain, and the tensile
stress of this hydrogel was almost constant during con-
tinuous stretching cycles, indicating that this hydrogel has
good fatigue resistance (Fig. 4d).
As shown in Fig. 5a, the overall electron mobility of

the hydrogel system decreased as the hydrogel was
stretched with an external force. Figure 5b shows that
the hydrogel (GNEC film content of 2.0 wt%) was
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stretched to different strain states, and its I–V curves
showed significant changes confirming that the
hydrogel had good electrical properties. In addition,
Fig. 5c reveals that the GNEC/HAPAAm hydrogel had
a good response speed, up to 150 ms, which would
meet the requirements for detecting daily human
motions. Furthermore, Fig. 5d demonstrates that the
GNEC/HAPAAm hydrogel maintained a stable rate of
resistance change under a 10% tensile strain and for
~500 stretching cycles, indicating that the hydrogel was
highly stable. The formula used to calculate the rate of
the resistance change was 4R=R0 ¼ R�R0

R0
´ 100%, where

R0 is the initial resistance of the hydrogel sample when
it is not stretched, and R is the real-time resistance of
the hydrogel sample during the stretching process.
Finally, Fig. 5e shows that the GNEC/HAPAAm
hydrogel was connected into a loop with an LED light,
and the hydrogel was stretched continuously. Sig-
nificant changes were observed in the brightness of the
blue LED light, which demonstrated the sensitivity and
response time of the hydrogel.
The GNEC/HAPAAm hydrogel exhibited excellent

sensitivity and responsiveness, and when mounted on the
finger, it was used to monitor finger bending motions. As
demonstrated in Fig. 6a, the hydrogel accurately detected
changes in resistance when the finger was bent from 0 to
90°, and it returned to its initial value when the finger was
returned to its original position. Furthermore, the I–V
curves were collected for finger bending angles of 0°, 30°,
60°, and 90°, and the relationship between the finger
bending angle and current at 3.3 V was verified, which
confirmed that the hydrogel accurately distinguished the
finger bending angles (Fig. 6b). Finally, five hydrogels were
installed on each of the five fingers and used for gesture
recognition monitoring (Fig. 6c). The resistance values of
the hydrogels installed on the different fingers reflected
gesture switching in real-time, demonstrating the great
potential of the GNEC/HAPAAm hydrogel for use in
flexible and wearable sensors.

Conclusion
We successfully prepared a GNEC/HAPAAm hydrogel

with strong mechanical properties and high sensitivity by
integrating a GNEC powder into a hydrophobically
associated polyacrylamide hydrogel. The GNEC/HAP-
AAm hydrogel exhibited the unique advantage of high
edge density for the GNEC film, which generated excel-
lent mechanical properties such as a high tensile strain
(1685%) and strength (171 kPa), and it served as an elastic
contraction device for the underwater robot we designed
and fabricated. In addition, the graphene nanocrystals
inside the GNEC film formed a conductive network,
which caused the hydrogel to respond (150 ms) to exter-
nal forces. It was used in flexible and wearable sensor

applications, such as gesture recognition and human
motion monitoring.
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